This paper reports numerical simulations of a prototypical pyroelectric energy converter as a novel approach for directly converting waste heat into electricity. The two-dimensional mass, momentum, and energy equations were solved to predict the local time-dependent pressure, velocity, and temperature. Then, heat input, pumping power, and electrical power generated were estimated, along with the thermodynamic energy efficiency and power density of the device. It was established that reducing the length of the device and/or the viscosity of the working fluid improved the energy efficiency and power density of the device by increasing the optimum operating frequency. Results show that a maximum efficiency of 5.2% at 0.5 Hz corresponding to 55.4% of the Carnot efficiency between 145 and 185°C can be achieved with commercial 1.5 cst silicone oil as the working fluid and PZST as the pyroelectric material. The associated power density was found to be 38.4 W/L of material.
Introduction
Industrial and developing nations are facing the challenges of meeting rapidly expanding needs for energy while minimizing impact to the environment. Power, refrigeration, and heat pump cycles release large amounts of waste heat as required by the second law of thermodynamics. For example, over 50% of the energy consumed by the United States in 2002 was lost in the form of waste heat typically at low temperatures [1] . Unfortunately, not many solutions exist for low grade waste heat harvesting due to the associated small Carnot efficiencies. Organic Rankine cycles use organic working fluids such as refrigerants and hydrocarbons instead of water to harvest waste heat at temperatures up to 200-300°C [2] . Alternatively, Stirling engines can directly convert thermal energy into mechanical energy. They have been used in a variety of applications including heat pumps, cryogenic refrigeration, and air liquefaction [3] . In the last several decades, direct energy conversion technologies, such as thermoelectric devices have received significant attention [4] . They make use of the Seebeck effect to convert a steady-state temperature difference at the junction of two dissimilar metals or semiconductors into electrical energy [4] . Instead of using spatial temperature gradients, pyroelectric energy conversion directly converts time-dependent temperature oscillations into electricity [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . It makes use of the pyroelectric effect to create a flow of charge to or from the surface of a material as a result of successive heating and cooling. Prototypical pyroelectric converters have been assembled and operated in the past [5] [6] [7] [8] [9] [10] 18] . These devices consisted of a hot and a cold source separated by a series of microchannels supporting pyroelectric thin films and their electrodes. A working fluid oscillated between the hot and cold sources through the channels to create the required time-dependent temperature oscillations within the pyroelectric films. This paper reports numerical simulations of a device similar to that built by Olsen et al. [8] to investigate the effect of structural material properties, geometry, and fluid viscosity on the energy efficiency and power density of the device.
Current state of knowledge

Pyroelectric materials
Pyroelectric materials are materials that possess a so-called spontaneous polarization P S , defined as the electric dipole moment per unit volume averaged over the volume of the material, in the absence of an applied electric field. It depends strongly on temperature due to the material's crystallographic structure [19] . At steady-state (dT/dt = 0), the spontaneous polarization is constant. However, when the material is heated (dT/dt > 0), the spontaneous polarization decreases as dipole moments begin to lose their orientation. As a result, the charges stored at the surface of the material decreases resulting in the flow of current through an external circuit. When the material is cooled (dT/dt < 0), the dipole moments regain their orientation which increases the spontaneous polarization and allows for more charges to be stored at the surface of the material, thereby reversing the current flow. For some pyroelectric materials, the spontaneous polarization can be switched from P S to ÀP S by reversing the applied coercive electric field. These materials are called ferroelectric materials. Note that all ferroelectric materials are pyroelectric but the converse is not true. Furthermore, the relationship between charge q and voltage V for a ferroelectric material exhibits hysteresis as shown in Fig. 1 3 , between 152 and 194°C. When the voltage is cycled across the material isothermally, the loops move in a counterclockwise direction and the area enclosed by each loop represents the electrical energy dissipated. Beyond the Curie temperature, denoted by T Curie , a ferroelectric material undergoes a phase transition from ferroelectric to paraelectric where the spontaneous polarization vanishes, resulting in the discharge of large electrical energy. In order to study the effect of structural material properties, geometry, and fluid viscosity on the performance of the device built by Olsen et al. [8] and to make quantitative comparisons to the original design, this study uses the same pyroelectric material namely PZST.
The converse of the pyroelectric effect is the electrocaloric effect. It is the change in temperature caused by a change in applied electric field under adiabatic conditions [19] . Sebald et al. [15] have shown that materials with large electrocaloric activity are of interest to pyroelectric energy harvesting. Large electrocaloric effects have recently been demonstrated. For example, a temperature change of 12 K in 350 nm thick zirconium rich Pb(Zr, Ti)O 3 (PZT) thin films was calculated for a change in electric field from 295 to 776 kV/cm near the Curie temperature of 220°C [20] . Furthermore, Mischenko et al. [21] demonstrated large electrocaloric 
Pyroelectric energy conversion
Pyroelectric energy conversion using the Olsen cycle [5] is achieved by alternatively placing a pyroelectric material sandwiched between two electrodes in contact with a hot and cold source while applying the proper voltage V L and V H to perform the cycle shown in Fig. 1 . The points 1-2-3-4 in the q-V diagram represent the electric analogue of the Ericsson cycle, with the area between 1-2 and 3-4 corresponding to the electrical energy produced by the material when the voltage is cycled between V L and V H and the temperature oscillates between T hot and T cool [9] . Stirling cycles are also possible [9, 16] , however, it has been shown experimentally that Ericsson cycles produce more power than Stirling cycles for PZST operating in the temperature and voltage range considered in this study [24] . The efficiency and power output of the Olsen cycle can be significantly improved by using multistaging and heat regeneration [8, 9] . Multistaging consists of placing different pyroelectric elements (PEs) in series with increasing Curie temperature from the cold to hot sources. Heat regeneration is achieved by placing the PE in contact with a working fluid that oscillates between the hot and cold sources. As a result, the heat required to increase the temperature of the lattice is regenerated back and forth between the oscillating working fluid and the PE instead of being lost to the heat sink.
Furthermore, it was theoretically established that pyroelectric energy conversion using the Olsen cycle and heat regeneration can reach the Carnot efficiency between a hot and a cold thermal reservoir [8, 25] . Limitations in reaching the Carnot efficiency include (i) hysteretic and resistive losses, (ii) heat losses to the surroundings, and (iii) sensible (thermal) energy [8, 25] .
In the early 1980's, Olsen and co-workers [5] [6] [7] built several prototypical pyroelectric converters and experimentally demonstrated 1 and 40 mW devices with efficiencies of approximately 0.4% but 16 times greater than the maximum efficiency predicted by van der Ziel [26] . Their devices operated between 145 and 178°C, using PZST as the pyroelectric material and various silicone oils as the working fluid with viscosities between 50 and 200 cst. Ceramic stacks were used to create microchannels to ensure laminar flow of the fluid over the pyroelectric materials and to reduce axial heat conduction between the hot and cold sources. Later, Olsen et al. [8] constructed the only multistage device built to date using different grades of PZST that produced a maximum power density of 33 W/L of pyroelectric material at 0.26 Hz and achieved a maximum efficiency of 1.05% at 0.14 Hz, corresponding to 12% of the Carnot efficiency. Due to the cost of PZST ($$10,000/W), Olsen et al. [10] used poly(vinylidene fluoride-trifluoroethylene) [P(VDFTrFE)] films 30-70 lm thick, rolled into a spiral stack and placed inside a cylindrical chamber containing silicone oil. The device was operated between 20 and 90°C and produced an energy density of 30 J/L of P(VDF-TrFE) per cycle. In all these devices, the fluid was pumped by a step motor with a piston stroke length of 7.8-10 cm.
In addition, Olsen et al. [24] numerically simulated a pyroelectric converter by determining the heat transfer rate and temperature variations of the channel walls for peak-to-peak stroke lengths of 2.8, 5.1, and 8.5 cm and frequencies between 0 and 0.6 Hz. Only the energy equation was solved assuming that (1) all of the channel walls were made of Al 2 O 3 , (2) the flow was one-dimensional, laminar, fully developed, and oscillated with a parabolic velocity profile across the converter's channel, (3) axial heat conduction along the converter's walls was negligible, and (4) the heating and cooling heat exchangers were at constant temperatures and placed directly above and below the pyroelectric material. The authors determined that the numerically predicted heat transfer rate was in good agreement with experimental measurements at all frequencies for stroke lengths smaller than 2.8 cm. However, for larger stroke lengths, it became increasingly inaccurate (by up to 50%). This could be attributed to the simplifying assumptions previously listed. For example, the velocity profile of the working fluid was not fully developed along the microchannels but was in fact constant across the channel width at the piston/ fluid interface. Moreover, axial heat conduction took place along the composite wall between the hot and cold sources. The experimental hot source operated at constant heat flux [8] instead of constant temperature as simulated numerically in Ref. [24] . Finally, the heating and cooling heat exchangers were not directly above and below the pyroelectric plates as simulated but were separated by 1.905 and 5.08 cm long walls of Al 2 O 3 , respectively in the actual prototype [8] .
More recently, Vanderpool et al. [27] completed two-dimensional numerical simulations of the prototypical pyroelectric converter experimentally assembled by Olsen et al. [8] in order to identify key design and operating parameters to increase the power output and the thermodynamic efficiency of the device. It was established that [27]:
1. the simulated efficiency fell within 29% of experimental data at all frequencies and optimum stroke length of 3.9 cm, 2. the mass, momentum, and energy equations must be solved simultaneously in order to compute the pumping power and accurately predict the temperature oscillations of the PE's, 3. the pyroelectric converter operated less efficiently at frequencies greater than 0.1 Hz because the heat input increased more rapidly than the generated electrical power, 4. the efficiency of the pyroelectric converter increased with smaller values of the heat capacity of the working fluid and of the PE. It was established that a maximum efficiency of 3.4% corresponding to 40.3% of the Carnot efficiency could be achieved at 0.062 Hz by dividing the heat capacity of both the PE and the working fluid by a factor of 2, and 5. the power density of the pyroelectric converter increased with larger frequencies, smaller values of the heat capacity of the PE, and larger values of the heat capacity of the working fluid.
The heat capacity of the pyroelectric material can be reduced by making the material porous [28] . However, porosity can reduce the dielectric strength of the material, limiting the high voltage V H used in the Olsen cycle. Furthermore, it is difficult to reduce the heat capacity of the working fluid as it does not vary significantly from one fluid to another [29] . Thus, it is of practical significance to identify other design parameters which can improve the performance of the device and can be more easily implemented experimentally. Therefore, this paper expands the study of Vanderpool et al. [27] by investigating the effect of structural material properties, geometry, and fluid viscosity on the efficiency and power density of the device experimentally built by Olsen et al. [8] . First, to minimize heat losses and axial heat conduction between the hot and cold sources, the Al 2 O 3 plates were replaced with anisotropic material, acting as a perfect thermal insulator in the fluid flow direction. Next, to raise the power density of the device, the optimum operating frequency was increased by reducing the length of the Al 2 O 3 plates that make up the channel walls to obtain an overall length that was half as long as that of the original device [8] . Finally, to reduce the pumping power which can become significant at higher operating frequencies, the 50 cst silicone oil working fluid was replaced with commercially available 1.5 cst silicone oil of much lower viscosity [29] .
Analysis
Direct pyroelectric conversion system
The prototypical pyroelectric converter based on the Olsen cycle [8] consisted of thermal and electrical sub-systems. The thermal sub-system was used to create a time-dependent temperature oscillation which heated the PEs to a maximum temperature T hot and cooled them to a minimum temperature T cool . The electrical sub-system controlled the electric field applied to the PEs to perform the Olsen cycle. It also collected the charges generating by cooling and heating the PEs. Fig. 2 shows a cross-section of the simulated prototypical pyroelectric converter [8] of length L along with the dimensions and coordinate system. The device consisted of N equally spaced internal walls placed inside the device to form (N + 1) microchannels. The walls were made from four plates stacked vertically. The top and bottom plates were identical and made of Al 2 O 3 while the middle plates were made of pyroelectric material PZST. The channels were filled with the working fluid and a piston-in-a-cylinder pump was used to oscillate the working fluid vertically between a cold source and a hot source. Moreover, the pump featured adjustable stroke length S and operating frequency f. At the bottom of the channels, the cold source was a heat exchanger maintained at temperature T C . The hot source was a thin heating band at temperature T H , numerically simulated as a line source, operating at constant heat flux q 00 in . It was used to heat the working fluid at the top of the channels. Each channel had a total length L and half-widths for the channel and wall denoted by w f and w w , respectively and a depth d = 3.8 cm [8] . In addition, the length of the top and bottom Al 2 O 3 wall plates was denoted by L cr . The heat exchanger had length L C while the heating band, located at height z h , had length L H . The vertical locations of the PZST plates PE 1 and PE 2 were denoted by z 1 = (L À L cr ) and z 2 = (L C + L cr ), respectively, while the centers of the PEs were marked by points A and B at a height of z A and z B , respectively. The location of the top surface of the piston was given by z p = ÀS[1 + cos(2pft)]. The stroke length S was chosen such that when the piston was at its maximum height of z p = 0, a fluid particle at the top of the heating band z = (z h + L H ) would travel down to z = z 2 when the piston was at its lowest point z p = À2S. Larger stroke lengths would create heat losses while smaller ones would reduce the temperature swing experienced by the PEs.
Thermal sub-system
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Electrical sub-system
The electrical sub-system used for the PEs was the same as that used by Olsen et al. [9] . Briefly, both faces of each PE were plated with electrodes and connected to an electrical circuit which measured the charge and the applied electric field of the PE. The circuit consisted of a Sawyer-Tower bridge [30] which measured the charge of the pyroelectric material and a resistive voltage divider placed in parallel to the Sawyer-Tower bridge to monitor the electric field applied to the material. Voltages V L and V H were applied to the PEs and synchronized with the temperature to maintain the desired low or high electric fields E L and E H required to perform the Olsen cycle (Fig. 1). 
Assumptions
The same assumptions made by Vanderpool et al. [27] were also made here to make the problem mathematically trackable:
1. The entire device was well insulated so heat losses to the surrounding and between channels were negligible. 2. All material properties for the wall and the working fluid were assumed to be constant. 3. The working fluid, namely silicone oil, was treated as an incompressible Newtonian fluid. 4. The spacing between the walls was much smaller than the depth of the plates so that two-dimensional flow prevailed. 5. The Reynolds number of the periodically oscillating fluid flow for all simulations was much less than the critical Reynolds number for oscillating flow so that the fluid flow was laminar [31] . 6. Edge effects were neglected. In other words, all channels were equivalent and only one was simulated. 7. As a first order approximation, the thin metallic electrodes deposited on the PE plates to collect the generated current were assumed to have no effect on the heat transfer and fluid flows. 8. Due to the lack of thermophysical properties for various doping levels of PZST, the PEs at the two stages of the converter were assumed to be identical.
Governing equations
The two-dimensional mass and momentum conservation equations for an incompressible Newtonian fluid with constant properties in Cartesian coordinates were solved to determine the velocity components and pressure field of the working fluid. They are expressed as [32] ,
where q f and m f are the density and kinematic viscosity of the working fluid, respectively. The x-and z-components of the velocity vector are denoted by u f and v f , respectively, while p f is the local fluid pressure, and g is the gravitational acceleration (=9.81 m/s 2 ).
The temperature T f (x, z, t) within the working fluid at location (x, z) and time t was determined by solving the two-dimensional energy equation written as [32] ,
where c p,f and k f are the fluid heat capacity and thermal conductivity, respectively. These properties were assumed to be constant. Finally, the two-dimensional heat diffusion equation for the wall material and the PZST plates that made up the channel walls was expressed as,
where the subscript w refers to either the walls or the PEs. The thermal conductivities were assumed to be independent of temperature but could be anisotropic as suggested by the subscripts in k w,x and k w,z .
Initial and boundary conditions
Initially (t = 0), the working fluid was at rest. Thus, for 0 6 x 6 w f and 0 6 z 6 L, u f ðx; z; 0Þ ¼ v f ðx; z; 0Þ ¼ 0
ð6Þ
In addition, at t = 0, the temperature of the working fluid was assumed to vary linearly between the heating band at z = z h and temperature T H and the heat exchanger at z = L C and temperature T C and did not vary in the x-direction. Furthermore, along the heating band and exchanger, the temperature profile of the working fluid was constant. Thus, for 0 6 x 6 w f + w w ,
The mass, momentum, and energy equations were subject to the boundary conditions (BC) listed in Tables 1 and 2 . Note that for the fluid-piston interface (BC 5 in Table 1 ) and for z < 0, the velocity of the working fluid was equal to the velocity of the piston, given by v p = 2pfS sin(2pft). From mass conservation considerations and assuming that the fluid was incompressible, the velocity of the fluid at the bottom inlet of the channels was uniform and a sinusoidal function of time with amplitude S 0 = (SA p /[(N + 1)A c ]), where A p and A c were the cross-sectional area of the piston and of a single channel, respectively.
Properties
The thermophysical properties of Al 2 O 3 , PZST, and of the two working fluids investigated in this study, namely commercial 50 and 1.5 cst silicone oil by Dow Corning [29] , were assumed to be constant over the temperature range simulated. Note that the relative differences in the material properties were less than 10% be-tween T C =145°C and T H =185°C except for the kinematic viscosity of the 50 and 1.5 cst silicone oils which varied by up to 37% and 25%, respectively [29] . As a first order approximation, m f was evaluated at the arithmetic mean temperature of 165°C and assumed to be constant and equal to 8.29 and 0.48 mm 2 /s [29] for the 50 and 1.5 cst silicone oil, respectively. Similarly, the density, specific heat, and thermal conductivity of Al 2 O 3 , 50 and 1.5 cst silicone oils were also estimated at 165°C and obtained from Refs. [33] and [29] . Unfortunately, for PZST, the density, specific heat, and thermal conductivity were only available in literature at room temperature [34] . However, its q-V curve was linearly interpolated from data taken from Ref. [35] at the temperature computed in the pyroelectric elements PE 1 and PE 2 . The material properties of Al 2 O 3 , PZST, 50 and 1.5 cst silicone oils used in this study are summarized in Table 3 .
Method of solution
The method of solution and validation of the numerical tools were reported elsewhere [27] and need not be repeated. In brief, the transient mass, momentum, and energy conservation equations were solved simultaneously using the finite element solver COMSOL 3.5a applying the Galerkin finite element method on structured rectangular meshes. A Dell Precision 690 computer with eight 2.66 GHz processors, and 40 GB of RAM was used to run the simulations.
Performance analysis
The total electrical power generated by the two PEs in all channels was determined as,
where N was the total number of internal walls and f was the frequency (in Hz). The surface areas A 1 and A 2 of each pyroelectric plate were both equal to 9.652 cm 2 . The shaded area in Fig. 1 graph- ically illustrates the integral H V dq. To determine the charge-voltage curve at the temperatures T cool and T hot computed at points A and B (Fig. 2) , linear interpolation of the charge-voltage curves at temperatures 152, 171, and 194°C shown in Fig. 1 for PZST [35] was used. Due to a lack of experimental data for the charge-voltage curves, PE 1 and PE 2 were assumed to be made of the same material and, therefore, had the same charge-voltage curves. The device operated between voltages V L and V H equal to 100 and 700 V, respectively [8] .
The pumping power required to pump the working fluid through the channels was assumed to be only due to frictional losses within the channel. Therefore, the total pumping power time averaged over the period s(=1/f) was defined as,
where the local instantaneous fluid velocity v f and pressure p f were determined by solving the mass and momentum conservation equations. Integration in Eqs. (8) and (9) was performed numerically using the trapezoidal rule. Moreover, the total heat transfer rate provided by the heating band was computed as,
where A hb is the surface area of the heating band in one channel and equal to 2.413 cm 2 . Furthermore, the average thermodynamic energy efficiency of the system over one cycle was defined as,
Note that all other losses such as heat losses to the surrounding and current leakages in the electrical circuit were neglected for the sake of simplicity. Finally, the power density of the device, representing the total amount of electrical power generated per unit volume of PEs, was determined as
Each internal wall supported two PEs of volume " PE so the total volume of PEs in the device was 2N" PE . In this study, the number of internal walls was N = 100 as achieved experimentally [8] .
Results and discussion
In order to optimize the performance of the device, the following four cases were considered:
1. Case 1 was the same baseline case as that discussed by Vanderpool et al. [27] . 
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Heating band q 00 ð0; z; tÞ ¼ q Table 3 Fluid and material properties used in the numerical simulations [29, 33, 34] .
Property
Silicone oil (50 cst) [29] at 165°C
Silicone oil (1.5 cst) [29] at 165°C
PZST [34] at 25°C and k w,z = 0 W/m K. All other parameters were the same as Case 1. 3. Case 3 aimed to increase the power density by raising the optimum operating frequency. To do so, the length of the device was reduced from L to L/2 by reducing the length of the Al 2 O 3 wall plates L cr from 5.08 to 1.00 cm. The stroke length S was reduced from 3.9 to 3.04 cm in order to maintain the optimum stroke length discussed in Section 3.1.1. All other parameters were the same as Case 1. 4. Case 4 examined the use of a less viscous working fluid to reduce the pumping power which can become significant at higher frequencies. To do so 50 cst silicone oil was replaced with commercially available 1.5 cst silicone oil as the working fluid which had similar qc p values but a viscosity 33 times less than that of 50 cst silicone oil [29] . All other parameters were the same as Case 3.
In all cases, the heat flux q 00 in was adjusted by trial and error to maintain the heater band at temperature T H = 185 ± 7°C. For Cases 1 and 2, _ Q in increased rapidly as a function of frequency and, in fact, was the same in both cases. Thus, replacing Al 2 O 3 with an anisotropic material did not affect _ Q in . Indeed, the PZST plates, forming the midsection of the microchannel walls, had a thermal conductivity of 1.1 W/m K which provided good thermal insulation between the hot and cold sources in both cases. The different trends in _ Q in versus frequency observed for Cases 3 and 4 can be explained by examining how stroke length affects heat transfer in the device. Ozawa et al. [36] /m f is the Reynolds number in oscillatory flow. The correlation was in good agreement with experimental data obtained using water and for pipes of various diameters [36] . For Case 3 of the present study, the heat transfer coefficient h ¼ Nu f k f =D h was 14% less than that for Cases 1 and 2 at a given frequency. This was due to the fact that the stroke length was 22% less for the shorter device considered in Case 3. Indeed, reducing the stroke length reduced the Reynolds number Re f by 39% at a given frequency and increased St by 28% compared to Cases 1 and 2. Thus, in shorter devices operating at low frequencies, heat transfer from the heater to the fluid is dominated by conduction over forced convection. Therefore, the heat transfer coefficient was smaller in Case 3 than in Cases 1 and 2 and _ Q in was not a strong function of frequency up to 0.5 Hz as illustrated in Fig. 3 .
Heat transfer rate and temperature oscillations
Moreover, using 1.5 cst silicone oil (Case 4) as the working fluid further decreased _ Q in by 50-62% compared to Case 3 for all frequencies. In fact, Nu f computed from Eq. (13) was 27% greater for Case 4 than for Case 3 at a given frequency. However, the corresponding heat transfer coefficient h was 12% smaller. This was due to the fact that the thermal conductivity of 1.5 cst silicone oil was 30% less than that of 50 cst silicone oil. The reduction in heat transfer coefficient reduces the heat input _ Q in required to keep the heating band at 185°C. Furthermore, the reduction in fluid thermal conductivity helps minimize heat losses due to axial conduction within the working fluid which further decreases _ Q in .
In addition, the heat capacity qc p for 1.5 cst silicone oil is 5% less than that for 50 cst silicone oil which results an additional reduction in _ Q in . While the difference in qc p is small, it can have a significant impact on the heat input _ Q in as reported by Vanderpool et al. [27] . For example, the authors found that reducing qc p by 50% lowered _ Q in by up to 76% [27] . Fig. 4 shows the temperature swing DT in the PEs at points A and B as a function of frequency. For all cases, DT A and DT B decreased as a function of frequency. This can be attributed to the thermal inertia of both the fluid and the PEs as well as reduction in thermal contact time between the heating band or heat exchanger and the working fluid and between the fluid and the PEs. Here also, Cases 1 and 2 showed similar values of D T A and DT B for all frequencies, indicating that replacing Al 2 O 3 with an anisotropic material (Case 2) did not significantly affect either DT or _ Q in . On the contrary, reducing the length of the device (Case 3) increased D T A and DT B by at least 62% and 23%, respectively when compared to Case 1. This significant increase was due to larger _ Q in required to maintain the heating band at 185°C (see Fig. 3 ). In addition, replacing the working fluid with 1.5 cst silicone oil (Case 4) decreased DT A and D T B by up to 36% and 30%, respectively, when compared to those of Case 3. This can be attributed to smaller values of _ Q in in Case 4 compared with Case 3 as shown in Fig. 3 . Although _ Q in decreased between 50% and 62% from Case 3 to Case 4, DT A and DT B were reduced by less than 36% thanks to the reduction of axial conduction achieved using 1.5 cst silicone oil. 4.2. Generated electrical power and pumping power Fig. 5a plots the generated electrical power _ W E estimated from Eq. (8) as a function of frequency for all cases. For Cases 1 and 2, _ W E increased with frequency and the generated electrical power was similar in both cases. Here also, replacing Al 2 O 3 (Case 1) with an anisotropic material (Case 2) did not affect _ W E since Cases 1 and 2 featured similar values of _ Q in and DT. Decreasing the length of the device (Case 3), however, increased _ W E by at least 122% when compared to that of Cases 1 and 2 for a given frequency. The improvement was due to the larger temperature swings experienced by the PEs in Case 3. At 0.85 Hz, the generated electrical power reached 2.8 W, however, the efficiency was negative, as discussed in the following section. On the other hand, replacing the working fluid with 1.5 cst silicone oil (Case 4) decreased _ W E when compared to Case 3 for frequencies above 0.2 Hz as the temperature swings DT A and DT B obtained in Case 4 were smaller than those in Case 3. A maximum _ W E of 1.9 W was achieved at 0.5 Hz in Case 4. For higher frequencies, _ W E decreased as the temperature swing rapidly decreased with frequency (see Fig. 4) . Furthermore, the increase in optimum operating frequency for Cases 3 and 4 resulted in larger _ W E compared to Cases 1 and 2. Fig. 5b shows the pumping power _ W p computed from Eq. (9) as a function of frequency for Cases 1 through 4. For all cases, _ W p was proportional to f 2 . Indeed, the velocity and pressure of the working fluid were proportional to f and f 2 , respectively [27, 37] . Therefore, averaged over one cycle [Eq. (9)], the pumping power was found to be proportional to f 2 . For Cases 1 and 2, the pumping power was identical since both cases used the same working fluid with constant properties. For shorter device (Case 3), _ W p was between 64% and 71% smaller than that of Case 1 for a given frequency. This was due to the reduction in the channel length which resulted in smaller pressure drop. The latter was further reduced by Fig. 5. 
Efficiency and power density
For the simulated device operating between T C = 145°C and T H % 185°C, the Carnot efficiency defined by g Carnot = 1ÀT C /T H was approximately 8.7%. Fig. 6 shows the efficiency g and the efficiency ratio g/g Carnot as a function of frequency for each case considered. All cases exhibited similar behavior with g and g/g Carnot increasing with frequency, reaching a maximum, and then decreasing with further increase in frequency. At low frequencies, g and g/ g Carnot increased with frequency since (a) _ W E increased at a faster rate than _ Q in and (b) _ W p was negligible compared with _ W E . However, at higher frequencies, g and g/g Carnot decreased since (i) _ Q in increased at a faster rate than _ W E and (ii) _ W p was no longer negligible compared with _ W E . Fig. 6 indicates that using anisotropic wall material (Case 2) did not improve g and g/g Carnot as observed
for _ Q in ; DT; _ W E , and _ W p . However, reducing the length of the device by half (Case 3) increased the maximum efficiency to 2.2% corresponding to an optimum operating frequency of 0.323 Hz and representing 25.9% of the Carnot efficiency. This was about 2 times greater than the maximum efficiency of 1.2% obtained at 0.031 Hz for Case 1 which corresponded to only 14.5% of the Carnot efficiency. The greater values of g and g/g Carnot for Case 3 were mainly due to the larger temperature swings which increased the electrical power generated by the pyroelectric materials. Note that beyond 0.85 Hz, g and g/g Carnot were negative as the pumping power became larger than the electrical power generated.
Moreover, reducing the viscosity of the fluid from 50 cst (Case 3) to 1.5 cst (Case 4) increased the maximum efficiency to 5.2% at 0.5 Hz corresponding to 55.4% of the Carnot efficiency. This was approximately a factor 2 greater than the maximum efficiency of Case 3. This further increase in efficiency was due to a significant reduction in (i) pumping power _ W p , observed in Case 4, which allowed the device to operate at higher frequencies and in (ii) heat input _ Q in needed to maintain the heating band at T H = 185°C as previously discussed. Fig. 7 plots the power density P D as a function of frequency for Cases 1 through 4. For all cases, P D was linearly proportional to frequency for small frequencies as suggested by Eqs. (8) and (12) . Above 0.2 Hz, P D was not linear with respect to frequency for Cases 3 and 4 as the temperature swing began to rapidly decrease (see Fig. 4 ). In fact, P D began decreasing for Case 4 beyond 0.5 Hz. The figure indicates that using anisotropic material for the channel walls (Case 2) did not improve the power density as already observed with _ W E . However, reducing the length of the device (Cases 3 and 4) significantly increased P D . This was due in part to the ability of the shortened device to achieve larger temperature swings in the PEs than Cases 1 and 2 for a given frequency. In addition, acceptable DT A and DT B were achieved at higher frequencies (see Fig. 4 ). Note that P D obtained for Case 4 was less than that of Case 3 for all frequencies since the temperature swings and hence _ W E were smaller (see Fig. 5a ). For Case 3, a power density of 59.2 W/ L of pyroelectric material was achieved at 0.85 Hz but the efficiency was negative (see Fig. 6a ). However, for lower fluid viscosity (Case 4) P D reached a maximum of 38.4 W/L at 0.5 Hz.
Finally, it is of interest to compare the performance of the prototypical pyroelectric converter investigated with similar alternative technologies such as thermoelectric generators. Recently, Niu et al. [38] experimentally constructed a low temperature waste heat thermoelectric generator using commercially available Bi 2 Te 3 thermoelectric modules and a parallel-plate heat exchanger. The authors achieved a maximum power density of 389 W/L of thermoelectric material and operated with an efficiency of 4.4% corresponding to 15.7% of the Carnot efficiency between 30 and 150°C [38] . While their power density was 10 times greater than that obtained in Case 4, the efficiency ratio with respect to Carnot was lower. The large power density of the thermoelectric generator can be accredited to the much larger temperature differential and the correspondingly larger Carnot efficiency. The comparison suggests that pyroelectric energy conversion is a promising technology that should be further explored both experimentally and numerically. Focus should be given to developing materials with better performance, such as the recent efforts made by Refs. [20] [21] [22] [23] , and to systematically optimizing not only the length of the device but also all other design and operating parameters including the channel width and materials as well as frequency.
Conclusion
This study aimed at numerically assessing the effects of design parameters and operating conditions in order to improve the performance of pyroelectric energy converters based on the Olsen cycle. It was established that:
1. Eliminating axial heat conduction by replacing the aluminum oxide plates with a material featuring anisotropic thermal conductivity (Case 2) did not improve the performance of the device. 2. Shortening the device (Case 3) significantly improved its performance and allowed it to operate more efficiently at higher frequencies. A maximum efficiency of 2.2% at 0.323 Hz corresponding to 25.9% of the Carnot efficiency for a power density of 40.7 W/L of pyroelectric material was obtained using 50 cst silicone oil as the working fluid. The results establish that pyroelectric energy conversion has great promise. New devices with shorter lengths and lower viscosity working fluids should be experimentally built and tested to validate the trends observed in this paper. Future numerical work should focus on more systematic optimization currently made difficult by the duration of a single simulation lasting 5-7 days.
